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Summary
Background: The single leg squat (SLS) is a common lower limb rehabilitation exercise. It is also frequently used as an evaluative exercise to screen for an increased risk of lower limb injury. To date athlete/patient SLS technique has been assessed using expensive laboratory equipment or subjective clinical Results: A three IMU system was moderately successful in detecting the overall quality of SLS performance (77% accuracy, 77% sensitivity and 78% specificity).
A single IMU worn on the shank can complete the same analysis with 76% accuracy, 75% sensitivity and 76% specificity. Single sensors also produce competitive classification scores relative to multi-sensor systems in identifying specific deviations from acceptable SLS technique.
Conclusions:
A single IMU positioned on the shank can differentiate between acceptable and aberrant SLS technique with moderate levels of accuracy. It can also capably identify specific deviations from optimal SLS performance. IMUs may offer a low cost solution for the objective evaluation of SLS performance. Additionally, the classifiers described may provide useful input to an exercise biofeedback application.
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Introduction
The single leg squat (SLS) is a commonly used rehabilitative exercise following lower limb musculoskeletal injury (1). Additionally, it is frequently utilized as an evaluative exercise to assess athletes' risk of incurring lower limb musculoskeletal injury (2) . The SLS is a popular evaluative exercise as it allows clinicians/practitioners to simultaneously assess trunk, pelvis, hip, and knee kinematics during a weight-bearing activity (3) . Therefore, it is necessary that patient/athlete performance of the SLS can be evaluated effectively and reliably.
To date, objective quantification of patient/athlete performance of the SLS has been determined using marker-based motion analysis systems (1). This approach is time intensive, expensive (over €100,000 for a complete system) and the application of skin-mounted markers may hinder normal movement (4) .
As such, beyond the research laboratory, these systems are not frequently used for the objective quantification of patient/athlete SLS technique. As an alternative, real-time visual evaluation of patient/athlete performance of the SLS is more commonly used. In this instance, kinematics of the trunk, pelvis, hip and knee are simultaneously evaluated to provide an overall assessment of the patient's/athlete's performance of the exercise (3). It is difficult to standardise SLS performance evaluation due to the experience of the rater (3), the method used to rate performance of the exercise (ordinal vs. dichotomous scales) or the instructions given to the raters (5) . Inaccurate evaluation of patient/athlete performance of the SLS could have implications for clinical and exercise progression decisions.
Recent technological advances have allowed for the possibility of using inertial measurement units (IMUs) as part of a method for capturing human movement during the performance of exercises such as the SLS. IMUs are able to acquire data pertaining to the linear and angular motion of individual limb segments and the centre of mass of the body. They are small, inexpensive, easy to set-up and facilitate the acquisition of human movement data in unconstrained environments (6) . Thus, they offer the potential to bridge the gap between laboratory-based and day-to-day "real-world" acquisition of human movement.
Body worn systems incorporating multiple IMUs have been shown to be effective at differentiating exercises and evaluating exercise performance. Chang et al. (7) incorporated accelerometers into a workout glove and belt clip with the aim of differentiating between, and counting the number of repetitions of, nine different upper and lower limb exercises. Their system achieved 95% exercise classification and repetition counting accuracy. A case study completed by inner range quads and straight-leg raise). These studies demonstrate that it is possible to evaluate exercise performance of simple exercises using multiple IMUs. However, the ability of an IMU based system to evaluate more complex exercises such as the SLS is less understood.
Objectives
The research question this study seeks to address is: "How well can an IMU- 
Participants
Eighty-three healthy volunteers participated. No participant had a current or recent musculoskeletal injury that would impair their SLS performance. All participants had prior experience with the exercise. Each participant signed a consent form prior to completing the study. The University Human Research Ethics Committee approved the study protocol.
Experimental Protocol
The testing protocol was explained to participants upon their arrival to the research laboratory. All participants completed a 10-minute warm-up on an exercise bike; during which they were required to maintain a power output of 100W and cadence of 75-85 revolutions per minute. Following the warm-up, an investigator (the same investigator for all participants) secured three IMUs (SHIMMER, Shimmer research, Dublin, Ireland) on the participant at the following anatomical locations: the level of the 5th lumbar vertebra, the midpoint of the left femur (determined as half way between the greater trochanter and lateral femoral condyle), and on the left shank 2 cm above the lateral malleolus ( Figure 1) . The orientation and location of the IMU was consistent across all study participants. A pilot study was used to determine an appropriate sampling rate and the ranges for the accelerometer and gyroscope within the IMU. In the pilot study data during performance of the SLS data was collected at 512 samples/s. A Fourier transform was then used to detect the characteristic frequencies of the signal which were all found to be less than 20 Hz. Therefore, a sampling rate of 51.2 Hz was deemed appropriate for this study based upon the Shannon sampling theorem and the Nyquist criterion (17) . The Shimmer IMU was configured to stream tri-axial accelerometer (+/-2G), gyroscope (+/-500 o /s) and magnetometer (+/-1Ga) data with the sensor ranges chosen also based upon data from the pilot study. The IMU was calibrated for these specific sensor ranges using the Shimmer 9DoF Calibration application (18). 
Data Labelling
Participants' performance of the SLS was recorded using a high-definition video camera. A Chartered Physiotherapist with more than six years post-graduation experience and an MSc in Sports and Exercise Medicine reviewed all recorded SLS repetitions. Each repetition was separated and reviewed on multiple occasions in a systematic format. For every repetition a score of 0 or 1 was given to each section as outlined in the scoring system shown in Table 1 . This was adapted from the scoring system described by Whatman et al. (3) . In order to establish the overall score of each repetition a '1' (movement dysfunction) was given to repetitions that scored a '1' in two or more of the six categories. All other repetitions were rated as '0' (acceptable movement pattern). The Chartered Physiotherapist involved in the study developed the method of assigning an overall score following consultation with colleagues who work in musculoskeletal physiotherapy and sports medicine. Six separate random forests were used to analyse if a specific deviation had occurred as described in Table 1 Sensitivity measures the effectiveness of a classifier at identifying a desired label, while specificity measures the classifier's ability to detect negative labels. This process was repeated ten times.
Results
The demographics of the participants were as follows: 60 males, 23 females, age:
24.68 +/-4.91 years, height: 1.75 +/-0.094m, body mass: 76.01 +/-13.29kg. Table 2 demonstrates the mean sensitivity, specificity and accuracy for the overall score following the ten cycles of RRSSV for systems using each individual IMU and each combination of IMUs. The best single sensor for classifying overall score was the left shank with an accuracy of 76%. The highest quality classification came from the two-sensor combination of the shank and thigh, which achieved 78% accuracy. Table 3 demonstrates the classification scores for the detection of each specific deviation as described in Table 1 . Deviation of the pelvis from the neutral position was the most poorly detected deviation. The three-sensor combination detected this deviation with 70% accuracy and a single sensor located on the lumbar spine detected this deviation with 69% accuracy. In some cases (e.g. the foot moving into excessive pronation), the single sensor system outperformed the multi-sensor set-ups. The IMU positioned on the left shank produced an accuracy of 75% for this deviation, superior to the accuracy of 73% achieved when using all three IMUs. Single sensor set-ups appear comparable to multisensor set-ups for the detection of all six deviations. specificity. Specific deviations can also be classified with a moderate level of accuracy, sensitivity and specificity as shown in Table 3 . Overall accuracy for specific deviations ranged from 65%-76%, sensitivity ranged from 60%-80%
and specificity from 61%-77%.
These results indicate that an IMU sensor set offers the possibility of monitoring The overall accuracy, sensitivity and specificity scores presented in this work are slightly lower than that of other authors (14) (15) (16) . This may be due to the small amount of acceptable SLS performances seen in the dataset (52 acceptable SLS vs 778 SLS with aberrant technique). It is hoped that future work will involve the collection of a greater number of acceptable SLSs. It is also envisaged that this future data collection will be combined with improved classification techniques to make it possible to not only identify where the deviation has occurred, but also to grade the severity of the deviation as described in the scale developed by Along with the addition of a greater number of expert reviewers and acceptable SLS performances, future work will involve analysing a range of different movements, including squats, lunges, deadlifts and tuck jumps. It is hoped that a range of movements that are used commonly in rehabilitation and screening can be graded using data derived from an IMU based system. This could allow for the development of a system that can be used for musculoskeletal injury risk screening and exercise analysis.
Practical Implications
A single sensor system that is able to automatically evaluate SLS technique could be very beneficial to clinicians. The SLS is a commonly used exercise to assess lower limb function (22) . The assessment of human movement proficiency is predominantly completed subjectively through the use of visual rating scales such as the Functional Movement Screen (23, 24) , Tuck Jump Assessment (25) or lower extremity functional screening tests (3). The subjectivity inherent in rating these screening tools leads to the potential for bias and/or measurement error.
Furthermore, the process of screening can prove time consuming for clinicians, particularly when there are a large amount of participants, e.g. in a sports team
setting. An IMU based system can offer clinicians the potential to screen multiple athletes simultaneously in an objective manner. This could lead to a quicker and more reliable method of screening than currently available.
An IMU system also offers clinicians the potential to remotely monitor their patients' compliance and technique when completing rehabilitation exercises.
This allows clinicians to evaluate their treatment more effectively. Furthermore, exercise technique feedback could be given to patients automatically. This means patients could correct their form during the exercise without the need for a clinician to be present (26) . This would increase the potential of home centred care, which may be effective at reducing health care costs (27) . The ability to remotely monitor the SLS and provide locally generated feedback would also prove very beneficial to strength and conditioning coaches as the SLS is often a component of their conditioning programmes.
Conclusions
An IMU based system is capable of differentiating between acceptable and aberrant SLS technique with moderate accuracy. The overall accuracy presented in this work is comparable to other research investigating early-stage rehabilitation exercises technique with IMUs. This study has shown that is possible to classify a more complex exercise with IMUs and maintain moderate levels of accuracy. Furthermore, it is shown that a single IMU can produce comparable results to a multi-sensor set-up. This suggests that the system can be cost-effective and practical to implement in a clinical setting. Future work should aim to develop a low cost biomechanical analysis system that is capable of measuring technique in a range of exercises. Such a system would offer clinicians the ability to screen for injury risks quickly and objectively while also allowing for the remote monitoring of their patients' rehabilitation.
